For many cancers, there is a real need for more effective therapies. Although many drugs show promising results in vitro, most fail to translate into an in vivo model system, and only B5% show anti-tumor activity in clinical trials. It remains a significant challenge to accurately replicate in vitro the complex in vivo microenvironment in which cancers thrive, but this will be key to increasing the success of translating novel therapies into clinical practice. Three-dimensional (3D) cell culture models may better mimic primary tumors in vivo than traditional two-dimensional (2D) cultures. Therefore, we established and characterized 3D in vitro models of 31 epithelial ovarian cancer (EOC) cell lines, compared their biological and molecular features with 2D cultures and primary tumors, and tested their efficacy as models for evaluating chemoresponse. When cultured in 3D using polyhydroxoethylamethacrylate-coated plastics, EOC lines formed multicellular aggregates that could be classified as 'large dense', 'large loose', and 'small', based on size, light permeability, and proportion of cells incorporated into the complex structures. Features of histological differentiation characteristic of primary tumors that were not present in 2D cultures were restored in 3D. For many cell lines, the transition from a 2D to 3D microenvironment induced changes in the expression of several biomarkers relevant to disease. Generally, EOC cell lines proliferated more slowly and were more chemoresistant in 3D compared with 2D culture. In summary, 3D models of EOCs better reflect the histological, biological, and molecular features of primary tumors than the same cells cultured using traditional 2D techniques; 3D in vitro models also exhibit different sensitivities to chemotherapeutic agents compared with 2D models, which may have a significant impact on the success of drug testing pipelines for EOC. These findings could also impact in vitro modeling approaches and drug development strategies for other solid tumor types. The success rate of anti-cancer therapies translating from in vitro culture systems into the clinic is about 5%. 1 The vast majority of drugs that show promising results in vitro fail to replicate in an in vivo model system and even fewer make it into clinical trials. Nonetheless testing drugs in cell culture models is a vital part of any drug development process. It is likely that a major contributing factor to the low rates of in vivo translation of new therapeutic agents is the widespread use of two-dimensional (2D) monolayer culture systems used for in vitro drug discovery and development. 2D cultures fail to recapitulate the gradients of drugs, nutrients, gases, and waste products that characterize tumors in vivo; all are important factors influencing response to therapy. 2, 3 Moreover, many of the signaling pathways involved in chemoresponsiveness are differentially activated in monolayer cultures, and as a result, 2D cultures are often more sensitive to drug therapies yielding many false-positive results in 2D drug screens. 4, 5 Conversely, it is highly likely that many effective therapeutic agents may have been missed owing to false-negative reporting in 2D drug tests.
can be achieved by culturing primary tissues or established cell lines within extracellular matrix gels, synthetic scaffolds, rotary cell culture systems, or on low/non-adherent culture plastics; [6] [7] [8] [9] [10] [11] these 3D cell culture techniques all aim to restore the 3D architecture that characterizes normal tissues and solid tumors alike. Studies have shown that gene expression profiles of 3D-cultured cells are dramatically different to monolayer cultures and more closely resemble the profiles of the tissues of origin than their 2D counterparts. [11] [12] [13] [14] 3D multicellular aggregate (MCA) structures also contain many features absent in 2D cultures that are present in primary tissues. For example, in MCAs of tumor cells hypoxic and necrotic areas can develop, regions that are commonly found in primary tumors and known to be associated with chemoresistance. 15 Despite the fact that 3D cell culture models better recapitulate primary tumors than monolayer systems, 3D approaches have not yet been universally integrated into the drug development arena because of traditionally higher costs, greater technical challenges, and perceived lower rates of reproducibility than classical monolayer approaches. In the past decade, considerable advances have been made to establish cheaper and reliable methodologies for highthroughput phenotypic evaluation of cultured cells in 3D for drug development. 16, 17 The continued hesitation to use 3D models for drug development more widely may largely be due to the limited data available detailing the changes in cellular phenotypes following the transition from a 2D to a 3D microenvironment. Many cell lines have not yet been well characterized as 3D models, and so systematic phenotypic evaluation of large numbers of cell lines is required to facilitate the use of those cell lines in 3D drug screening studies.
Epithelial ovarian cancer (EOC) is the leading cause of death from gynecological malignancy in Western societies. With the exception of anti-vascular agents and PARP inhibitors, 18, 19 there has been limited progress in the development of novel approaches to treating EOC over the past 40 years; consequently, survival rates have only shown minimal improvement. Although most EOCs initially respond well to platinum-based chemotherapy, median progression free survival is only 18 months 20 as chemoresistant recurrent disease commonly evolves and is usually fatal.
There is an urgent clinical need for more effective therapeutic targets that can be integrated into the treatment of advanced EOCs, and for the discovery of new drugs that show higher rates of translatability. Here, we report on the characterization of thirty-one EOC cell lines grown as 3D MCAs under static non-adherent conditions. We evaluated changes in protein expression of cell adhesion molecules and ovarian cancer biomarkers and found that EOC cells cultured in 3D differentially express adherens junction proteins and are frequently more chemoresistant than the same cells cultured as 2D monolayers. These data suggest that in vitro 3D models of EOC represent a biologically relevant platform for studying ovarian cancer cell biology, tumorigenesis, and for accelerating the development of novel therapeutic targets.
MATERIALS AND METHODS
Cell Culture EOC cell lines were maintained in the appropriate growth media (Supplementary Table S1 ). Cell lines were obtained from the ATCC or were a kind gift from Dr G Mills at MD Anderson. All cell lines were confirmed to be free of Mycoplasma infection. To create 3D spheroids, tissue culture dishes were coated twice with 1.5% polyhydroxoethylamethacrylate (polyHEMA; Sigma) dissolved in 95% ethanol (VWR). Coated dishes were allowed to dry completely before use. Cells were trypsinized, resuspended in the appropriate growth medium, and inoculated into a polyHEMA-coated plate that had first been washed with 1 Â PBS for 5 min. Cell cultures were re-fed every 3-4 days. Phase images were acquired using a Nikon Eclipse TS100 microscope and NIS Elements D 3.2 software.
In vivo Xenograft Assays
All in vivo work was performed under the approval and guidance of the University of Southern California Institutional Animal Care and Use Committee. 3 Â 10 6 ovarian cancer cells were resuspended in sterile phosphate-buffered saline (PBS) and injected intra-peritoneally or subcutaneously into 6-7 week-old nu/nu mice (Simonsen Laboratories). At humane endpoints, mice were killed by CO 2 inhalation followed by cervical dislocation. Tissues were harvested and fixed in neutral-buffered formalin. Hematoxylin and eosin staining was performed at the USC Surgical Pathology Laboratory.
Immunohistochemistry (IHC)
For IHC, 3D cultures were taken at day 14 and spun at 200 g to sediment the spheroids. 2D cultures were spun for 5 min at 450 g to create a cell pellet, which was then loosened by flicking the tube. Cell culture samples or murine tissue specimens were washed in 1 Â PBS and fixed for 30 min in neutral-buffered formalin (VWR). Samples were rewashed twice in 1 Â PBS and transferred to 70% ethanol. Fixed spheroids and cell suspensions were resuspended in 1% agarose dissolved in PBS to create uniformly sized specimens for embedding. Specimens were processed into paraffin and hematoxylin-stained sections prepared at the USC Translational Pathology Core Facility, using standard techniques. 2D/3D tissue microarrays (TMA) were also created at the USC Translational Pathology Core Facility. One 2 mm core was taken per cell line for each culture condition and embedded into the recipient block. TMA sections were stained by IHC, using the BOND III automated stainer (Leica Microsystems), by the USC Immunohistochemistry Laboratory within the USC Department of Pathology. The following antibodies were used: Cleaved caspase 3 (cat no: 9664, Cell Signaling, clone D175 & 5AIE); WT-1 (cat no: WT1-562-L-CE, Leica Microsystems, clone WT49); Pan Keratin (cat no: AE1/AE3-L-CE, Leica Microsystems, clone AE1/AE3); Vimentin (cat no: VIM-572-L-CE, Leica M., clone SRL 33); ER (cat no: NCL-ER-6F11, Novacastra, clone 6F11); PR (cat no: PGR-312-L-F, Novocastra, clone PGR-312); Ki-67 (cat no: IR626, Dako Corporation, clone MIB-1); Beta-catenin (cat no: B-CAT-U, Leica M., clone 17C2); E-cadherin (cat no: E-CAD-L-CE, Leica M., clone 36B5); CA125 (cat no: CA125-CE, Leica M., clone OV185.1); PAX8 (cat no: ACI 438, Biocare, clone BC12); and P53 (cat no: P53-DO1, Leica M., D07). Stained slides were scanned with Aperio ScanScope CS and ImageScope software with a Â 20 lens with Â 2 multiplier lens at the Cell and Tissue Imaging Core at USC.
Immunoblotting
Monolayer cultured cells at 80% confluency or 14-day-old 3D cell spheroids were washed twice with cold PBS and lysed with lysis buffer (20 mM TrisCl, pH 7.5; 150 mM NaCl; 1% Triton-X 100; 1.2 mg/ml aprotinin; 10 mg/ml leupeptin; 1 mM PMSF; all Sigma-Aldrich) by rotation at 4 1C for 20 min. The cell debris was cleared by centrifugation at 14,000 rpm for 10 min. Post quantification, by a Bradford Assay (Pierce), the lysates were boiled in Laemmli SDS sample buffer (50 mM Tris, pH 6.8;, 10% glycerol; 2% SDS; 0.1% bromophenol blue; 5% b-mercaptoethanol; all SigmaAldrich) for 5 min. The lysates were resolved by SDS-PAGE and transferred to a PVDF membrane (Pall Life Science). The membranes were blocked with 50% Odyssey Blocking Buffer (Li-Cor Biosciences) in PBS for 1 h at room temperature. The membranes were then incubated for a minimum of 1 h in the following antibodies, all diluted 1:1000 in Odyssey blocking buffer containing 0.2% Tween: anti-P-Cadherin monoclonal antibody (cat no: 32-4000, Invitrogen), anti-N-cadherin monoclonal antibody (cat no: 33-3900, Invitrogen), anti-E-Cadherin monoclonal antibody (cat no: 04-1103, Millipore), anti-Integrin beta 1 monoclonal antibody (cat no: 04-1109, Millipore), anti-b-catenin polyclonal antibody (cat no: sc-7199, Santa Cruz Biotechnology), anti-pan-Cytokeratin monoclonal antibody (cat no: sc-8018, Santa Cruz Biotechnology), anti-vimentin monoclonal antibody (cat no: CBL202, Millipore), or anti-actin polyclonal antibody (cat no: A 5060, Sigma-Aldrich). For detection of the proteins, membranes were probed with the appropriate Odyssey IRDye-coupled secondary antibodies that emit at either 680 nm or 800 nm and proteins detected using the Odyssey IR Detection System (Li-Cor Biosciences).
3D Cell Proliferation Assays
In all, 1 Â 10 3 cells were seeded, in six replicates, into 96-well plates for 2D monolayers, and also into 1.5% poly-HEMA-coated 96-well plates for 3D spheroids. Prestoblue (Invitrogen) was added to the cells on the day of plating, and the fluorescence from the reduced resazurin was read 3 h post seeding and every 24 h thereafter.
Chemotherapeutic Response Assays
In all, 5 Â 10 3 cells were seeded in 96-well plates, in quadruplet. For 3D cultures, cells were seeded into 96-well plates that had been twice pre-coated with 1.5% polyHEMA. Cells were allowed to adhere to the dish or form spheroids for 24 h, at which point 0.1 mg/ml cisplatin or 100 nM paclitaxel was administered. After 48 h, Prestoblue (Invitrogen) was added to the cells, incubated at 37 1C for 3 h, and the fluorescence measured using a Mikrowin platereader.
RESULTS

3D Models of Ovarian Cancer Cell Lines Exhibit Distinct Spheroid Morphologies
We established thirty-one EOC cell lines as in vitro 3D spheroid models by culturing cells on polyHEMA-coated tissue culture plastics for 14 days (Table 1) . 9, 11 Cell lines were epithelial and had been established either from primary tumors, ascites, or metastases and represented the main histological subtypes of EOC, namely serous, endometrioid, clear cell, and mucinous ovarian cancer. All cell lines, with the exception of OVCA429 and OVCA433, formed MCA structures under static culture conditions. EOC cell lines propagated in a 3D microenvironment exhibited strikingly distinct MCA morphologies. Phase-contrast microscopy was used to analyze live cell structures and hematoxylin and eosin staining of paraffin-embedded sections of 3D spheroids was used to characterize the internal architecture of the MCAs. On this basis, EOC cultures were classified into three distinct categories: large dense aggregates (LDAs), large loose aggregates (LLAs), and small aggregates (SAs) ( Figure 1 and Table 1 ).
Nine cell lines (29%) (1847, 1847-AD, ES-2, HEY, HEY.A8, LK2, OAW42, SKOV3, and SKOV3.ip) formed LDAs, which were characteristically large, tightly packed spheroids, 200-800 mm in diameter. Under phase microscopy, LDAs were less light-permeable than the other types of 3D aggregates. Hematoxylin and eosin staining showed that the cores of LDAs could be cellular (eg, HEY.A8) or acellular (eg, OAW42 and 1847). Acellular regions appeared to result from cell death or necrosis, as indicated by nuclear morphologies. Some cell lines produced eosinophilic matrix material (eg, 1847 and HEY.A8). Thirteen cell lines (42%) (COV434, COV644, EFO27, FUOV1, IGROV1, OC316, OV2008, OV2008.C13, OVCAR3, OV-MZ-15, TOV112D, TOV21G, and UWB1.289 þ BRCA1) formed LLAs, which were similar in size to LDAs though cells in LLAs appeared to be more loosely adhered to neighboring cells than in LDAs and as a result LLAs were more light-permeable. Finally, eight cell lines (26%) formed SAs (A2780, A2780.CP, CaOV3, JAMA2, OVCAR5, OVCAR10, PXN94, and UWB1.289), which were small multicellular structures of loosely attached cells, approximately 50-200 mm in diameter, but often with many single cells remaining unincorporated into an MCA (eg, JAMA2). Two cell lines displayed histological features suggestive of a mucinous histology that were determined to be artifacts following negative staining for a mucinous marker (cytokeratin 20).
3D Modeling of EOC Cell Lines Restores Features of Histological Differentiation
2D and 3D cultures of all 29 ovarian cancer cell lines that were viable in 3D were fixed, embedded in paraffin blocks, stained with hematoxylin and eosin, and the histology analyzed. When cultured in 2D monolayers, EOC cell lines do not display any morphological features to indicate histological differentiation that can be detected by phase microscopy. 2D cultured cells were often identifiable as tumor cells, as defined by the morphological criteria in which cell size, nuclear size, nuclear-to-cytoplasmic ratio, prominence of the nucleoli, and the presence of atypical mitotic figures are evaluated; however, complex features of histological differentiation were absent. A number of cell lines displayed obvious histological differentiation in 3D that could not be detected in 2D culture specimens. OAW42 spheroids resembled a well-differentiated (Grade 1) serous ovarian carcinoma and contained psammoma bodies (calcifications), which are found in the primary ovarian serous carcinomas 44 ( Figure 2a ). Other cell lines (eg, FUOV1, UWB1.289 and UWB1.289 þ BRCA1) resembled moderately differentiated (Grade 2) serous carcinomas in 3D (Figure 2b ). The majority of the cell lines resembled poorly differentiated (Grade 3) ovarian cancers, which reflects the predominant histology of EOCs at the time of surgery (eg, HEY.A8 shown in Figure 2c ; Table 1 ). For the eight cell lines, the reported histology of the (Figure 2d ). Interestingly, SKOV3, which is perhaps the most widely used cell line used in cell biology studies of ovarian cancer, is not reported to be derived from a clear cell tumor, although it has been reported that the parental SKOV3 cell line can form tumors of a clear cell histology when xenografted orthotopically into nude mice. 45 Four EOC cell lines were xenografted, intra-peritoneally or subcutaneously, into immunocompromised mice to compare 3D spheroid cultures to the same cells grown in vivo. Two cell 3D microenvironment and EOCs JM Lee et al lines (UWB1.289 and UWB1.289 þ BRCA1) failed to form tumors. The histologies of the remaining two cell lines (OV2008 and A2780) when grown as 3D spheroids and in xenografts were similar ( Figure 3) ; A2780 cells formed poorly differentiated high-grade serous carcinomas in 3D and in xenograft, whereas OV2008 cells formed squamous cell carcinomas, consistent with a recent report suggesting that this line may be cervical in origin. 46 Cell Adhesion and Cytoskeletal Protein Expression in 2D and 3D Cultures When cells are transitioned from a 2D to a 3D microenvironment, cellular shape and the architecture of cell-cell adhesions changes dramatically. We hypothesized that the expression of cell adhesion molecules and cytoskeletal proteins would be altered under 3D culture conditions. Protein lysates were prepared from 2D and 3D cultured EOC cell These cells have high nuclear to cytoplasmic ratio, and multiple mitotic figures, consistent with highgrade serous carcinoma. In 3D and in xenograft OV2008 forms diffuse sheets of neoplastic cells that have a pink, acidophilic cytoplasm and forms keratin pearls (arrow), histologic features consistent with squamous cell carcinoma. There is no glandular structure present. Both xenograft and 3D-cultured cells are highly reminiscent of a cervical carcinoma, in accordance with a recent report which suggested that these cells are cervical in origin. 46 lines to examine, by western blotting, the expression of several cell adhesion markers (E-cadherin, P-cadherin, and N-cadherin), intermediate filament proteins (pan-cytokeratin and vimentin), and b-catenin, a protein involved in Wnt signaling that is found at the cytoplasmic domain of adherens junctions complexes (Figure 4) . Six of the eight (75%) EOC lines that formed LDAs, 60% of LLAs and 57% of SAs expressed cytokeratin (Figure 4a) . Following a transition to a 3D microenvironment, cytokeratin could be both downregulated (LK2, OV2008) and upregulated (eg, OC316, UWB1.289 þ BRCA1), although the latter was the most common trend. Vimentin was expressed by 50% of the LDAs, 30% of LLAs, and 43% of SAs ( Figure 4b) ; vimentin expression was more frequently lower in 3D compared with 2D cultures of the same cells. Expression of cytokeratin and vimentin were mutually exclusive in the LLA and SA groups but not in the LDAs. E-cadherin, a cell adhesion molecule expressed in many normal epithelial tissues and in up to 90% of EOCs, 47, 48 was expressed by 25% of the LDA-forming lines, 70% of LLAs, and 57% of SAs ( Figure 4e ). P-cadherin was not expressed by cell lines forming LDAs (Figure 4c ) and N-cadherin was expressed by 50% of the lines in this group when cultured in 2D (Figure 4d ). About half of cell lines forming LLAs and SAs also expressed either N-or P-cadherin. E-cadherin was always upregulated in 3D compared with 2D cultures, but N-and P-cadherin were most commonly downregulated in 3D. We did not observe a marked trend in the changes of expression of b-catenin in 2D compared with 3D cultures (Figure 4f ).
2D-and 3D-Cultured EOC Cells Differentially Express Ovarian Cancer Biomarkers
To analyze the expression of ovarian cancer biomarkers by IHC, we created TMAs of 2D-and 3D-cultured EOC cells. Sections of the TMAs were stained for a panel of ovarian cancer biomarkers (Figure 5 ), including CA125, a biomarker used clinically to detect ovarian cancer. We preferentially selected additional biomarkers that distinguish between ovarian cancer histological subtypes. 49 MIB1 staining revealed that cells cultured in 3D were less proliferative than cells cultured in 2D, which is similar to previous reports for other cell types. 9, 11 We also observed a reduction in p53 expression, which may also reflect the lower proliferation rates of 3D cultured cells. MIB1/p53-positive cells tended to be located in a proliferative zone on the outer surface of the spheroids. Higher expression of active (cleaved) caspase-3 in 3D cultures indicated that 3D MCAs contain a higher proportion of apoptotic cells than 2D-cultured counterparts. Trends in cytokeratin, vimentin, and E-cadherin expression detected by IHC were similar to those detected by western blotting; when expressed, E-cadherin tended to be upregulated and vimentin downregulated in 3D compared with 2D. Generally, there was reduced expression of b-catenin in 3D cultures. When expressed, it was often localized to positive 'zones' in 3D aggregates (Figure 5b ). CA125 and PAX8 expression increased and WT1 expression decreased in 3D compared with 2D cultures, although o30% of cell lines were positive for these markers. No cell lines expressed progesterone receptor and only two cell lines (OV2008, A2780.CP) expressed estrogen receptor at similar levels in 2D and 3D. -actin (b-ACT) . In all, 10 mg of protein was loaded for each lane, and b-actin was used as a control. The predominant trends observed (increased E-cadherin expression and reduced vimentin expression) are indicative of a mesenchymal-to-epithelial transition occurring following transition to a 3D microenvironment. In 2D and 3D cultures, we observed differential expression of the full-length 135 kDa and trypsin-resistant 80 kDa E-cadherin proteins as well as other E-cadherin isoforms, suggesting that differential post-translational modification of E-cadherin occurs in 2D and 3D.
Differential Rates of Proliferation in 2D and 3D-Cultured EOC Cells
We analyzed proliferation rates in nine different cell lines, three lines from each of the three morphological groups, cultured in both 2D and 3D. Six lines were significantly more proliferative in 2D compared with 3D (Po1 Â 10
, twoway ANOVA, Figures 6a-c) ; the lines 1847 and A2780 showed no significant differences in proliferation in 2D and 3D microenvironments, and IGROV1 was the only cell line that was more proliferative in 3D than in 2D (Po1 Â 10
, two-way ANOVA, Figure 6b) . The lower proliferation rates in 3D cultures are consistent with the lower proliferative indices we observed by MIB1 staining by IHC staining of the TMAs. The most prominent differences in growth rates were in LDAs and LLAs, suggesting that there is a relationship between MCA structure and size and cell proliferation.
3D-Cultured EOC Cell Lines are More Chemoresistant
We evaluated chemosensitivity in 3D compared with 2D in 11 cell lines representing the three MCA morphological groups, by culturing these lines in two standard chemotherapeutic agents for ovarian cancer, cisplatin, and paclitaxel. When treated with cisplatin seven out of 11 cell lines tested showed a significant increase in survival of up to 30% in 3D models compared with 2D cultures (P40.05, two-tailed paired Student's t-test, Figure 7a ). Seven of the 11 cell lines tested also displayed increased resistance to paclitaxel in 3D cultures compared with 2D (P40.05, two-tailed paired Student's t-test. Figure 6b) . The LDAs and LLAs tended to show the greatest changes in survival in the presence of cisplatin or paclitaxel compared with the lines that formed SAs.
DISCUSSION
In the current study, we established and characterized 31 different EOC cell lines as 3D in vitro models. We compared the biological and molecular features of cells grown in 3D with 2D cultured counterparts, with xenografts and with primary ovarian tumors, and tested their efficacy as models for evaluating chemoresponse using the standard first-line chemotherapy for EOC. Although the chemoresponse of the NCI-60 panel of cell lines in 3D has been studied, 17 to our knowledge, this represents the largest systematic phenotypic characterization of 3D-cultured ovarian cancer cell lines. The methodologies we present combine high-throughput 3D drug screening with analysis of biomarker expression and the ability to rapidly screen multiple cell lines grown as 3D spheroids, concurrently evaluating pathway activation and response to novel therapeutic agents, and represent an ideal system for the discovery and development of novel targeted therapies.
We used polyHEMA coating of tissue culture plastics to establish 3D spheroid cultures of cell lines. Different approaches to in vitro 3D modeling have been used previously, including gel-or scaffold-based cultures. [50] [51] [52] [53] [54] [55] These approaches have mainly been used for studies of cell invasion 51, 52 and metastasis to the omentum 53, 54 and have typically low throughput. The characteristics of the 3D EOC aggregates we describe here resemble those previously reported for some of the cell lines used in this study (TOV112D, TOV21G, OVCAR5, SKOV3, HEY, ES-2 50, 52, 54 ), although some of our cell lines also behaved differently. For example, the OVCA433 and OVCA429 lines did not form spheroids in the present study but have been shown to form 3D structures in vitro in other studies. 54, 55 This may reflect the different 3D culture techniques used in different laboratories or clonal variation present across various strains of cell lines.
All but two cell lines grew as 3D aggregates. Many lines displayed a striking level of histological differentiation in 3D that was not seen for the same lines grown in 2D, suggesting that the signaling involved in establishing the differentiated structures can be restored even after prolonged culture in 2D. MCAs could be sub-categorized based on their gross morphological and histological features, into LDAs, LLAs or SAs. These groupings were reproducible when EOC cell lines were analyzed at different passages. Western blotting and IHC identified several molecular changes resulting from culturing cells in 3D compared with 2D. Many of these changes indicated that 3D cultures better reflected the molecular characteristics of primary tumors; for example, reduced MIB1 expression and increased E-cadherin, PAX8, and CA125 expression. Overall, cytokeratin and E-cadherin, which are commonly expressed in advanced ovarian tumors, [56] [57] [58] were upregulated in 3D, whereas vimentin tended to be downregulated, suggesting that many EOC cell lines underwent mesenchymal-to-epithelial transition in 3D which reflects the acquisition of a differentiated phenotype that more closely reflects the protein expression in primary tumors. In this regard EOCs are in contrast to most other solid tumors, which undergo an epithelial-to-mesenchymal transition during neoplastic progression. 57, 59 We observed heterogeneity in marker expression within the different 3D groups; nonetheless there were some trends between MCA morphology and protein expression. Cell lines that formed LDAs tended to be epithelial-type EOC cells, whereas large loose and small MCAs were formed by both mesenchymaltype cell lines and epithelial-type EOC lines.
The main advantage of these models is the ability to restore the histological differentiation of primary ovarian carcinomas. EOCs are a heterogeneous group of tumors in which the four main subtypes (serous, endometrioid, mucinous, and clear cell) have such distinct histological, molecular, clinical, and etiological characteristics that they can be considered to be different diseases. 49 However, most research that utilizes in vitro models of EOC largely ignores the histological characteristics or origins of EOC cell lines, Figure 7 Differential response of two-(2D) and three-dimensional (3D)-cultured epithelial ovarian cancer (EOC) cells to chemotherapy. Eleven EOCs cultured in 2D and 3D conditions were challenged with sublethal doses of (a) cisplatin (0.1 mg/ml) and (b) paclitaxel (100 nM) and the survival rates measured. 3D culturing was associated with increased resistance to both agents. Results are representative of at least three independent experiments. *P40.05; **P40.01, ***P40.001, two-tailed paired Student's t-test, with assumed equal variance. Mean ± standard error of the mean is shown, graphs are representative of three independent experiments. often because these data are not available. In some cases, we observed histological differentiation of cell lines derived from tumors previously described as of unknown histology. For example, SKOV3 is the most widely used in vitro model for studying ovarian cancer; but our data show that the characteristics of the SKOV3ip line in 3D bears striking histological resemblance to a clear cell ovarian cancer, which is the least common histological subtype of invasive disease. Conversely, some cell lines of known histology resembled poorly differentiated carcinomas in 3D, suggesting that these cell lines may have become dedifferentiated following extended passaging in vitro. The ability to determine underlying histotype for some of the most commonly used EOC cell lines and therefore generate subtype-specific models for EOC represents a significant advance, which could have implications for understanding the development of the different subtypes of disease.
One of the major challenges in the treatment of many tumor types is acquired chemoresistance to existing therapies. There have been considerable advances in targeted therapies for some tumor types, notably trastuzumab targeting HER2 amplification in breast cancers. 60 However, for EOC there is a pressing clinical need to identify and develop novel therapeutic approaches to treat or circumvent chemorefractory recurrent disease. In this study, we found overwhelming evidence that EOC cells cultured in 3D show increased resistance to both a DNA-damaging agent (cisplatin) and a microtubule-stabilizing agent (paclitaxel). This is the first large-scale analysis of chemoresponse in EOC cell lines comparing 2D and 3D microenvironments, and the results are consistent with smaller studies. [61] [62] [63] [64] [65] Previous studies in other tumor types have also shown resistance to chemotherapy and targeted therapies is enhanced in 3D culture models. 61, 63 It is also worth noting that the commonly used chemoresistant/chemosensitive ovarian cancer cell line pairs are generated by culturing cells as monolayers in the presence of drug; the 3D-culturing method used here represents a more physiologically relevant model for the generation of novel drug-resistant lines. The mechanisms underlying increased resistance in 3D models are not yet well understood, but it is possible that changes in gene expression, the presence of hypoxic zones, and/or reduced penetration of drug into the central areas of MCAs are contributory factors. We did not observe statistically significant changes in proliferation occurring within the 48-h timecourse of the drug assays, suggesting differential rates of proliferation are not driving the differential chemoresponse of 3D cultures. The overall trend for increased resistance to therapies in 3D suggests that this may represent a more reliable approach to testing the efficacy of novel therapeutic targets, rather than 2D approaches that are currently used in high-throughput drug discovery pipelines.
In conclusion, this study shows that 3D models of ovarian cancers more accurately reflect the characteristics of primary human EOCs in vivo and in xenograft than 2D monolayer cultures of the same cell lines, and so these models are likely to represent better in vitro approaches for studying the underlying biology of the disease. Perhaps more significantly, we present a high-throughput approach to histological classification of ovarian cancer cell lines grown in 3D. Given the relative failure of existing 2D approaches to drug discovery for EOC and the observed difference in chemosensitivity between 2D and 3D, it may be that 3D models represent a more efficacious first-line approach to identify novel drug targets for EOC in the future. Adoption of these techniques during preclinical drug development may help to reduce numbers of animals used in the testing of new anti-cancer therapeutics. Finally, although we have focused on ovarian cancer in this study, the techniques and methodological approaches could be readily applied to the study of any solid tumor type.
